Abstract-Health Sciences face a significant challenge in translating basic science data into improved understanding of innate and adaptive immunity. To improve understanding of the dynamic role of dendritic cells in the lung, a mathematical model was developed using a physiologically structured framework that explicitly accounts for functional heterogeneity. As sentinels of the immune system, dendritic cells play critical roles in coupling innate to adaptive immunity and produce an important immune regulatory cytokine: IL-12. The term IL-12 actually refers to the net bioactivity of three related proteins; IL12p40, IL12p70, and IL12(p40) 2 ; assembled from two independent gene products: p35 and p40. The model for dendritic cell education and trafficking was created by incorporating five dimensions: chronological time, maturational age, p35 signal, p40 signal, and spatial location. The computational framework was calibrated to and validated against appropriate experimental studies. Using this validated model, I explore the impact of dynamic changes in the lung epithelium of IL-4, IFN-c, and PGE2 on the dynamic ability of dendritic cells to polarize T cell subsets. In summary, this multi-scale model provides an essential aid in understanding the impact of a dynamically changing lung microenvironment on the ability of dendritic cells to orchestrate adaptive immunity.
INTRODUCTION
The technological advances in molecular biology during the 20th century provided immense insight into the individual components of complex biological systems. 1 Yet, we still understand relatively little about the in vivo behavior of these integrated systems. In parallel, research costs associated with these new techniques have escalated dramatically but the commercialization rate of new therapeutic options has failed to keep pace. 10 Thus, one of the main challenges facing health sciences is translating a deluge of basic science data into novel and efficacious therapeutics.
Historically, engineering is a field in which basic research is translated into commercially viable products and processes. A fundamental pillar in this field is the use of computational frameworks for interpreting and predicting the behavior of complex systems. 41 By applying their quantitative skillset, engineers can provide immense value by translating data into quantitative knowledge about biological systems. In particular, this approach can aid in understanding the implications of dynamic phenomena 29 and identify knowledge gaps in the collective scientific understanding. 30 To illustrate this approach, basic science data will be integrated into a computational framework to aid in understanding the dynamics of primary immune sensitization in the human lung.
Within the context of human immunology, defense against invading pathogens is an emergent behavior of a collection of heterogeneous cell subsets and typifies a complex system. 14 Individually, each of these subsets have unique roles in orchestrating an immune response. Yet, characterizing these cell subsets in isolation provides limited insight into system behavior. Together, these cell subsets integrate information across a range of spatial and temporal timescales. Through coordinated interaction between these diverse cell subsets, evolution has shaped the immune system to respond innately to common features of pathogens (innate immunity) 36 and to respond adaptively to novel features of pathogens (adaptive immunity). 50 This paper will focus on a cell subset that connects innate and adaptive immunity-dendritic cells (DC)-in one of the most important organs for immunosurveillance-the lung.
In the following sections, relevant background information will be presented and a computational framework will be developed that represents important aspects of the education of DC in the human lung epithelium and their dynamic impact on T cell differentiation via Interleukin-12 (IL-12). In particular, this framework will integrate the dynamic heterogeneity of DC populations with the effect of biochemical stimuli on DC-derived IL-12 bioactivity. I focus on IL-4, IFNc, and PGE2 as prototypical stimuli within the microenvironment of the lung epithelium. The resulting model will be calibrated to and validated against existing experimental data. Finally, I will illustrate using this model to explore how dynamic changes in the biochemical profile of the epithelial microenvironment influences T cell polarization within the corresponding draining lymph node.
BIOLOGICAL BACKGROUND
As the sentinels of the immune system, DC play an important role in initiating and maintaining adaptive immune responses through antigen capture and presentation, costimulation, and mediator release. 2, 55 DC are a dynamic population wherein subsets within the whole population exhibit different functional properties. 5, 7, 58 Unlike other professional antigen presenting cells (e.g., macrophages and B cells), DC exhibit a unique ability to perform different functions in the peripheral tissue and lymphoid organs. In the peripheral tissues, immature DC are ''educated'' through the integration of extracellular instructional stimuli (i.e., ''danger signals'') provided by invading pathogens and inflammatory mediators. 35 Some examples of inflammatory mediators include Interleukin-4 (IL-4), Interferon-c (IFN-c), and Prostaglandin E2 (PGE2). Through this educational process, DC become programmed to secrete a particular profile of mediators dependent on the specific immune response needed to rebuff a pathogenic insult. Maturation of DC result in the migration of these ''educated'' DC into the lymphoid organs where they initiate an appropriate immune response. 19, 24 A generalized schematic of this process is shown in Fig. 1 .
An important mediator produced by mature DC that promotes the expansion of effector T cells and the activation of Natural Killer (NK) cells against intracellular pathogens is Interleukin-12 (IL-12). 23 IL-12 is an important immune regulatory cytokine and a member of a small family of heterodimeric cytokines. 51 The term IL-12 is typically used to refer to a collection of IL-12-related proteins. The bioactive form of IL-12 is a 75 kDa heterodimer (IL12p70) formed by the disulfide-linkage of two independently regulated gene products: a 40 kDa (p40) subunit and a 35 kDa (p35) subunit. 37 The IL12p70 heterodimer binds to naive CD4+ T cells via a heterodimeric receptor (IL-12R). 43 The p40 subunit exists extracellularly as a monomer (IL12p40) or dimer (IL12(p40) 2 ). Both the monomer and dimer can block (antagonize) the action of the bioactive IL12p70. 32 The appropriate cellular response is determined largely by the total number of IL-12 receptors bound by IL12p70 (IL-12 bioactivity). Sufficient signaling through the IL-12 receptor leads to polarization of naive CD4+ T cells towards a Th1 phenotype. 21 To represent this phenomenon quantitatively, a mathematical model for IL-12 bioactivity has been created by incorporating the production of IL12p70, IL12p40, and IL12(p40) 2 by mature human DC and the interaction of these species with the IL-12 receptor. 30 
METHODS

Model Formulation
The biology related to the education and trafficking of dendritic cells in the lung epithelium is shown schematically in Fig. 1 . The relevant biological phenomena span molecular-level interactions through population-level behaviors. A multi-scale model is a term used to describe computational approaches that span ranges of length and spatial scales. 56 To integrate related biological data from the scientific literature, I developed a multi-scale computational framework for DC education and trafficking comprised of five dimensions: chronological time, maturational age, p35 signal, p40 signal, and spatial location. In representing these five dimensions, the following sections will focus on three aspects of this biological system: DC trafficking, DC education in the lung epithelium, and DC polarization in the draining lymph nodes.
Modeling DC Trafficking
This model of the trafficking of DC focuses on representing the dynamics of the myeloid-derived DC population, as myeloid DC play a major role in the human lung in coordinating immunity under chronic and acute inflammatory conditions. 22 A model for DC population maintenance and enhancement in response to inflammatory stimuli in the lung epithelium is comprised of the regulated transport of three cell populations: blood dendritic cells (BD), blood monocytes (BM), and lung DC; and between three spatial compartments: the blood, lung epithelium, and lymphatic system. Recently, Klinke developed a model for DC trafficking and focused on capturing the dynamics in the blood and lung epithelial compartments. 29 In this study, the focus of the model will be extended to incorporate the dynamics of DC trafficking into the lymph node. DC in the lung epithelium arise from the recruitment of two precursor populations in the blood: BM and BD. The rate of change in these blood populations can be generally represented by the following ordinary differential equation:
The ''other losses'' term represents the loss in the blood cell population due to recruitment to other tissues or cell death. Using a pseudo-steady-state approximation, the ''other losses'' term can be expressed in terms of the steady-state synthesis and lung recruitment rates. The rate of change of the BM is represented by a population balance equation:
where BM syn is the synthesis rate of new BM, BM tot is the steady-state total blood monocyte population, RS(t) is the instantaneous recruitment signal, k BM is the sensitivity of BM to the levels of the recruitment signal, and RS(t SS ) is the steady-state lung recruitment signal. As described in more detail by Klinke, 29 the recruitment signal, RS(t), represents the combined dynamic effect of the introduction and elimination of an environmental insult, release, and elimination of pre-synthesized mediators (e.g., histamine from mast cells), and mobilization and endocytosis of adhesion molecules on the endothelial surface (e.g., P-selectin). While the recruitment process is generally well characterized, it is difficult to estimate the magnitude of this recruitment signal. For simplicity, the steady-state value of the recruitment signal, RS(t SS ) was assigned a value of 1. E p it h e li a l M ic r o n e v ir o n m e n t In n a te Im m u n e C e ll s IF N -γ
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IL-12 Bioactivity FIGURE 1. Schematic diagram of mathematical model for dendritic cell trafficking and education by the lung epithelial microenvironment. An aerosol challenge results in the increase of antigenic proteins and subsequent release of inflammatory mediators (e.g., IL-4, IFN-c, and PGE2) by cells of the innate immune system in the epithelial microenvironment. An increase in inflammatory mediators promotes the recruitment of DC precursors from the blood into the lung epithelium. DC dynamically traffic through the lung epithelium and become programmed by the prevailing epithelial microenvironment. Upon maturation, DC migrate into the lymph nodes and present antigenic peptides obtained in the lung epithelium. In addition, mature DC produce the IL-12-related species: IL-12p70, IL-12p40, and IL-12(p40) 2 . The relative production of these species by ''mature'' DC (LNDC 7 ) is regulated by previous exposure to regulatory mediators in the epithelial microenvironment. These three IL-12-related species competitively interact with an IL-12 receptor resulting in a net IL-12 bioactivity.
RS(t) is representative of rapidly expressed adhesion molecules that promote DC recruitment like P-selectin. Similarly the rate of change of the BD population is given by
Upon entering the lung epithelium, monocytes are assumed to become a subset of lung DC (LD). As BM, BD, and LD are all defined based on different compartments, the scaling factors LD tot , BM tot , and BD tot are introduced to account for the different compartment sizes. These scaling factors are defined as the total number of LD, BM, and BD, respectively. While BM and BD are represented as an averaged population, DC within the lung epithelium require a more complex representation to account for functional heterogeneity within this compartment. The DC population in the lung epithelium is represented by a physiologically structured model. 29 Physiologically structured models integrate mechanistic information at the individual level to give predictions of the behavior at the population level. The characteristics of each individual in a population are described by a set of physiological variables representing the internal and external characteristics of the individual. In this study, maturational age, antigen loading, and educational state are the defining physiological variables of DC. The state of an individual can be defined by assigning particular values to each of these the physiological variables.
Using this physiologically structured mathematical framework, a specific model for DC trafficking in the lung epithelium was created with eight equal maturational-age based subpopulations. A schematic diagram of this model is shown in Fig. 1 , where the ith DC subpopulation is labeled by DC i . A generalized relationship for the rate of change in DC i is described by
where k mat is the DC maturation rate and the same for all DC i , RS(t) is the recruitment stimuli, BP a i ðtÞ is the blood precursor population that gets recruited into DC i , Sensða i Þ is the sensitivity of BP a i ðtÞ to the recruitment stimuli, and Eða i Þ is the average emigration probability for DC i to the draining lymph node. A summary of the model variables is found in Table 1 . Parameter values related to DC trafficking for each of the eight equal subpopulations are found in Tables 2  and 3 . The average emigration probability is derived from the degree of down-regulation of tissue homing and up-regulation of lymphatic homing chemokine receptors as a function of maturational age. 48 Values for Eða i Þ are shown in Table 3 .
Parameter values were chosen based on appropriate measurements in humans if available. However, in the absence of specific kinetic measurements in humans, data obtained from rat or mouse studies were used. Using the set of ordinary differential equations, the estimates for unknown parameter values were determined using appropriate experimental data and guided by a parameter identification analysis. The model equations were encoded and evaluated in MatLab V7.0 (The MathWorks, Natick, MA). Summed squared error between experimental and simulated measurements was used to determine goodness-of-fit.
Modeling DC Education by the Epithelial Microenvironment
Using this age-structured model of the DC population, the lung DC can be partitioned based on the functional ability of the different subpopulations. Partitioning of the education process onto the DC subsets illustrates the unique capability of an agestructured model in connecting individual-to population-based behavior. The work in modeling IL-12 bioactivity by Klinke 30 implicitly lumped the temporal and spatial separation between signal integration in the lung epithelium and biological output in the lymph node. In this study, the IL-12 bioactivity model by Klinke 30 is expanded by explicitly distributing signal integration and biological output across DC subsets. Dynamic exposure to cytokines within the epithelial microenvironment educates individual DC subsets to produce the constituent proteins of bioactive IL-12. 25 The level of education, or educational state characteristic, will be represented by two additional independent variables.
In the DC trafficking model by Klinke, 29 the population of DC in the lung was described by two independent variables: maturational age and chronological time. The population of DC in the lung epithelium at a given point in time is then defined in terms of the density of DC with maturational ages between a and a + da (DC(t,a)da). In this study, two additional independent variables are incorporated into the physiologically structured framework to represent the education of the DC in the lung epithelium. These two new independent variables are ''p35 signal'' and ''p40 signal.'' These new variables represent extent of epigenetic events that result in the cumulative education of a DC at a particular point in time and maturational age. These epigenetic events, such as histone modifications or methylation of promoter regions on DNA, either facilitate or silence the transcription of genes responsible for the expression of p35 or p40 proteins. Moreover, these epigenetic events independently regulate the genes responsible for the transcription of the p35 and p40 genes following CD40 ligation, respectively. 37 As elucidation of the specific regulatory pathways is still an active area of research, we represent the impact of stimuli within the epithelial microenvironment phenomenologically, rather than mechanistically. Accumulation of the p35 signal and p40 signal provide a basis for the levels of IL12p70 and Total p40 (IL12p40 + IL12(p40) 2 ) protein expression, as highlighted in Fig. 1 , when the DC are exposed to CD40 ligand in the draining lymph nodes. For the purpose of illustration, I focus on the actions of IL-4, IFN-c, and PGE2 on DC via their modulation of the p35 signal and p40 signal. It is commonly known that IL-4 is considered a Th2-promoting cytokine and IFNc promotes a Th1 CD4+ T cell response. 45 PGE2, a potent modulator of immune responses, has been shown protect against constriction of the airways in patients with bronchial asthma. 42 A recent concept proposed regarding the response of T cells is leveraged to represent the education of DC: the quantal theory of immunity. 46 In essence, this theory is based upon the observed heterogeneity in response to stimuli for cell populations. Individually, a cell responds to a stimulus when a sufficient number of corresponding receptors are activated. Cells that express a high number of receptors respond at lower concentrations compared to cells that express a low number of receptors. While environmental stimuli induce an all-or-nothing (i.e., binary) response at the cellular level, a graded response is observed at the population due to the heterogeneity in receptor expression. In representing the education of DC, this binary characteristic is incorporated into the physiologically structured modeling framework.
While not yet observed experimentally, this binary representation may be too restrictive as it may be shown that individual DC exhibit a graded response. In such a case, DC may be represented as a continuous population or discretized into a number (N) of educational substates. Populating these educational substates becomes computationally more difficult as the number of substates associated with a DC i corresponds to N 2 . For the illustrative purposes of this paper, the number of DC education states will be limited to two. Experimentally, the existence and distribution of the DC subsets may be obtained via polychromatic flow cytometry 20 or immunohistochemistry.
So far, the total DC population in the lung epithelium is discretized by maturational age into eight subpopulations. These eight subpopulations (DC i ) are highlighted in Fig. 1 . To represent the two variables for DC education, each DC i subpopulation is discretized further into four groups: 
where each group is defined by high ( p ) or low ( n ) amounts of p35 signal and p40 signal. A schematic diagram for dynamically tracking the subset groups with different propensities to produce IL-12-related species within a DC i subpopulation is shown in Fig. 2 . The detailed equations are described in the Appendix. Parameter values related to DC education for each of the eight equal subpopulations are found in Tables 3  and 4 . A contextual record of the lung epithelial microenvironment is represented by the inheritance of p35 signal and p40 signal from the groups associated with the parent subset ðDC iÀ1 Þ and to the child subset ðDC iþ1 Þ: The rate of inheritance is matched to the rate of DC maturation by k mat . Each DC subset can also be educated based on the product of its sensitivity to educational stimuli and the prevailing epithelial microenvironment. The impact of the prevailing epithelial microenvironment, shown as the terms ''Total p40 Education'' and ''IL12p70 Education'' in Fig. 2 , is represented mathematically by Eqs. (6) and (7).
Total p40 Education
¼ f 1 ½IL4ðtÞ; IFN-cðtÞ þ f 3 ½PGE2ðtÞ ð6Þ The functions f 1 ½IL4ðtÞ; IFN-cðtÞ;f 2 ½PGE2ðtÞ; and f 3 ½PGE2ðtÞ are fully developed and described in Klinke. 30 The transition between groups is modeled as irreversible based on the persistence of educational bias observed by Kalinski et al. 26 In addition, the sensitivity of DC to educational stimuli in the epithelial microenvironment, similar to antigen processing ability, 5 is highly dependent on maturational age. In particular, Ebner et al. showed that exposure of immature DC to IL-4 resulted in a 10-fold increase in IL12p70 production compared to exposure in a mature state. 8 These data provide a basis for assigning the sensitivity to educational stimuli ðk edu ða i ÞÞ to each DC i . I assume implicitly that k edu ða i Þ is related to the average expression levels of the receptors for IL-4, IFN-c, and PGE2. However, to my knowledge, the relationships between cytokine receptor expression and the maturational age of myeloid DC, at a resolution similar to antigen processing ability, 5 has not been reported. In turn, basal expression levels of these receptors are governed by maturational age. Values for k edu ða i Þ for each DC i are shown in Table 3 and are the same for all groups of a DC i subpopulation. As values for k edu ða i Þ were based on relative sensitivity, a scaling factor (ES) was introduced to adjust the overall sensitivities to be consistent with experimental data. 17, 26, 27 Finally, values for the dissociation constants, used in Eqs. (6) and (7), for IL-4 (K DIL4 ) and IFN-c (K DIFNc ) were estimated to be 4.106 and 0.368 U mL )1 . 17 The PGE2 dissociation constant (K DPGE2 ) was estimated from Kalinski et al. to be 0.9 nM. 26 
Model of the Lymph Node Compartment
In the process of maturation, DC alter their expression of chemokine receptors. Initially, the lung Parameters highlighted in bold are new or modified relative to model presented by Klinke. 30 .
I n h e r it a n c e R . A schematic diagram of the model for dynamically tracking the accumulation of p35 signal and p40 signal within a DC i subpopulation. The overall education rate is the product of ''Total p40 Education'' or ''IL12p70 Education'' times the sensitivity of a DC subpopulation to response to stimuli in the epithelial microenvironment (k edu (a i )): A contextual record of the lung epithelial microenvironment is represented by the inheritance of p35 signal and p40 signal from the parent subset (DC iÀ À1 ) and to the child subset (DC i+1 ).
DC precursors, blood monocytes and blood DC, express chemokine receptors that promote their trafficking into the lung epithelium. Upon maturation, DC downregulate tissue homing chemokine receptors (e.g., CCR1, CCR5, and CCR6) and upregulate receptors that promote homing to the lymph node (e.g., CCR7). 48 Consistent with this phenotypic transformation, I specify that 95% of the DC that transition from DC 6 to DC 7 exit the lung epithelium and home towards the draining lymph node. In Fig. 1 , this emigration to the lymph node is represented by multiplying k mat by the average emigration probability for DC 6 ðEða 6 ÞÞ: The kinetics of this process has been observed by labeling DC in the airways with fluorophore-conjugated macromolecules. 19, 54 These labeled DC can then be identified in the draining lymph node by flow cytometry. While multiple maturation stimuli can induce changes in chemokine receptor expression, induction of protein synthesis for the IL-12-related species is dependent on CD40 ligation, provided by T cells in the draining lymph nodes.
Upon interaction with T cells, activation of the CD40 pathway initiates the production of the IL-12-related species dependent on the relative accumulation of p35 signal and p40 signal.
12 Upon activation of the CD40 pathway, the production of IL12p70 and Total p40 ðIL12p40 þ IL12(p40) 2 Þ have been observed to have similar kinetics. 31 The production is also observed to be delayed as DC p35 and p40 mRNA expression profiles exhibit a sharp peak between 5 and 8 h after stimulation. In addition, protein synthesis of the IL-12-related species is transient as the p35 and p40 mRNA is completely extinguished by 18 h. Subsequent stimulation of DC by CD40 ligand does not produce any IL-12-related species. Consequentially, DC in this state are referred to as ''exhausted.'' 31 This phenomenon is represented by limiting the production of the IL-12-related species to the subset DC 7 . Production of the IL-12-related species is implicitly modeled to depend on CD40 ligation in the lymph node. Assuming an in vitro degradation rate of 0.008 h )1 , the baseline IL12p70 production (CPp70) was estimated to be 0.204 pg h and kinetic measurements of Langenkamp et al. 31 Given the limited information regarding the relative cellular expression levels of IL12p40 and IL12(p40) 2 , 30 30% of the Total p40 produced is assumed to be in the form of the dimer, IL12(p40) 2 .
To be consistent with the previous model for DC trafficking, 29 each lung epithelial DC subset is normalized to the total lung epithelial DC population. The lymph node DC subsets, however, are expressed in terms of cells per cm 3 of tissue. A conversion factor, LNC, is used to convert the lung DC population to a lymph node DC population. A lymph node that drains the conducting airways was assumed to be 1 cm 3 in volume and have a population density of 1.5 · 10 6 DC cm )3 . Similar densities of DC in draining lymph nodes have been reported. 4 In rodents, the size of the lymph node is approximately 0.03 cm 3 . Changing the size of the lymph node by changing LNC will not change the results presented here as they are expressed as derived intensive quantities (i.e., independent of the size of the system).
RESULTS
Dendritic Cell Education
The study by Ebner et al. 8 provided guidance for assigning sensitivities of DC subpopulations to environmental stimuli. In addition, a scaling factor (ES) was introduced to adjust the dynamic range of the relative sensitivities to be consistent with measurements that integrate over the entire maturational process. Three studies provided reference points for the integrated education of DC for production of the IL-12-related species. 17, 26, 27 . A value for ES was determined to be 1 · 10 )4 based on the observed effects of IL-4, IFN-c, and PGE2 on IL12p70 and Total p40 ðIL12p40 þ IL12(p40) 2 Þ production by CD40-ligand stimulated DC. 17, 26, 27 The agreement of the model results compared to the experimental data is shown in Table 5 . The sensitivity of the summed squared error between the model and experimental data to changes in ES is shown in Fig. 3 .
Dendritic Cell Trafficking to Lymph Nodes
In representing the trafficking of DC into the lymph nodes, two additional DC maturational states were included in the model. These two DC subpopulations, LNDC 7 and LNDC 8 , are represented in a different spatial compartment but are analogous to DC 7 and DC 8 in the lung epithelium. I validated the inclusion of these two lymph node DC states against two kinetic studies in mice. Ingulli and coworkers reported the kinetics of appearance of labeled DC in the draining lymph nodes following intravenous injection of antigen-pulsed DC. 19 In the study by Vermaelen et al., 54 a fluorophore-conjugated macromolecule (FITC-OVA) was applied to the intratracheal airways. FITC-OVA was subsequently captured by endogenous DC in the airway and transported to the intrathoracic lymph nodes. Precautions were taken by Vermaelen and coworkers to ensure that the transport of FITC-OVA to the draining lymph nodes was indicative of the steady-state flux. In modeling this experiment, the value of the DC maturation rate, k mat , was fixed at 0.209 h )1 , as determined previously. 29 The appearance of DC labeled with FITC-OVA is reproduced in Fig. 4 and provides in vivo validation of DC trafficking from the airways to the lymph node under steady-state conditions. To provide a comparison between the study of Vermaelen et al. 54 and the model, a value for the rate constant for antigen decay (k Agdeg ) in the lung epithelium must be determined. The dynamic appearance of labeled DC in the lymph node as a function of k Agdeg is shown in Fig. 5a . At a high value of k Agdeg , labeled DC within the lymph node reach a maximum at approximately 20 h and disappear from the lymph node by 50 h. As the simulation illustrates, a reduction in k Agdeg prolongs the presence of antigen positive DC in the lymph node. Furthermore, the appearance of antigen positive DC in the lymph node is relatively insensitive to the rate of disappearance of the antigen from the lung. This observation provides another independent validation of the age-structured model developed by Klinke. 29 The goodness-of-fit is quantified by a summed squared error measurement between simulated and experimental results. The fit of the model is shown as a function of k Agdeg in Fig. 5b . Using an optimal value of 0.025 h )1 for k Agdeg , the simulation appearance of labeled DC in the lymph node agrees favorably with both experimental studies. Given the single injection protocol used by Ingulli Table 5 . et al., 19 the rapid decline in labeled-DC is expected compared to the study by Vermaelen and coworkers. 54 While the disappearance of FITC-labeled DC from the lymph node is assumed to be due to DC apoptosis, the FITC-label may be quenched due to acidification of FITC-OVA containing endosomes. 11 In sensitized animals, exposure to FITC-OVA may also induce an inflammatory response and thereby increase k mat . Future studies will explore this possibility.
Dendritic Cell Polarization
In the model for IL-12 bioactivity presented by Klinke, 30 the production of IL-12-related species by mature DC was assumed to be constant. As demonstrated definitively by Langenkamp et al., expression of the IL-12-related species following DC maturation is a dynamic phenomenon. 31 To capture this behavior, the production of the IL-12-related species was limited to one DC subpopulation, DC 7 , and parameters were determined based upon this theoretical framework. In reproducing the experimental conditions of Langenkamp et al., 31 it was assumed that DC were homogeneous consisting of entirely DC in the DC 5 subpopulation. Langenkamp and coworkers used lipopolysaccharide, a gram-negative bacterial product that activates the Toll-like receptor 4 pathway, to promote further maturation and measured the kinetics of IL12p70 production in the draining lymph node. While the addition of LPS may increase the maturation rate of DC, I assumed that k mat was unchanged from the value obtained from other in vivo studies. 29 A comparison of the simulated and experimentally measured production of IL12p70 is shown in Fig. 6 . The model simulates an earlier initiation and later extinction of IL12p70 production compared to Langenkamp et al. 31 Model agreement could be improved by increasing the number of maturational states from the current configuration of eight compartments. A residence time distribution of DC within the airways may provide guidance into an optimal number of DC subpopulations. 9 
DISCUSSION
In creating a model that represents the combination of DC education and trafficking within the lung epithelium, I have integrating two sub-models that were created to capture individually the bioactivity of IL-12 and the age-structure of DC trafficking. By building upon these previous studies, this calibrated and validated multi-scale model provides a more comprehensive picture of DC biology within the lung. As mentioned above, myeloid DC are a subset of professional antigen presenting cells that also include 31 In the model, DC7 is the only DC subset that produces the related IL-12 species.
macrophages and B cells. 2, 55 The functional roles of macrophages and B cells are largely determined by local interactions within peripheral tissues and follicular regions of the lymph nodes, respectively. In contrast, this model attempts to address global information transfer by the trafficking of myeloid DC from the peripheral tissues to the draining lymph nodes. In representing this global information transfer, DC education is intimately connected to the agestructured framework presented in the DC trafficking model. Specifically, DC education, as represented by accumulation of p35 signal and p40 signal, occurs in the peripheral tissue (i.e., when DC are in an immature state) and production of the IL-12-related species by previously educated DC occurs in the draining lymph nodes (i.e., when DC are in a mature state). Conversely, DC in the lung epithelium do not produce IL-12-related species and cytokines in the lymph node have little impact on modulating the production of IL-12-related species by mature DC. Once constructed, validated mathematical models provide unique platforms for interpreting in vivo measurements of biological systems from a dynamic, quantitative, and inexpensive perspective.
To illustrate the value of this model for interpreting in vivo studies, I will explore the implications of dynamic in vivo observations of the asthmatic disease state on DC education. The immune response to an inflammatory challenge in the lung is a complex interaction between inflammatory cells and biochemical mediators that aid in cell-to-cell communication.
For the purpose of this illustration, let us consider two classes of mediators. The first class of mediators are pre-synthesized and released immediately. However, pre-synthesized mediators become quickly exhausted following an inflammatory provocation. An example of this first class is histamine, which is pre-synthesized and rapidly released from mast cell granules upon cross-linking of Fce R1 receptors. 49 The second class of mediators require de novo synthesis when cells receive appropriate stimuli. De novo synthesis of proteins results in the delay in appearance but can be sustained for longer periods. Based on clinical observation in asthmatics, IL-4 exhibits characteristics of this second class of mediators. Besides having different dynamics, these two classes may also have different biological effects. To illustrate this concept, I assume that the first class only modulates recruitment of DC precursors into the lung epithelium. This recruitment signal is shown in Fig. 7 . I also assume that the second class of mediators only modulates the education of DC in the lung. In a series of three simulations, I combine the recruitment signal with different combinations of mediators. In each of these experiments, the initial concentrations of the different mediators are equal to zero. In the first simulation, a simulated dynamic profile of IL-4 in the lung epithelium, also shown in Fig. 7 , was incorporated based on the dynamic measurements by Batra et al. 3 in mild atopic asthmatics. During this simulation, IL-4 reached a maximum concentration of 12.2 U mL )1 . The impact on DC for this combination of rapid recruitment signal and delayed expression of IL-4 is shown in Fig. 8 . The slower change in IL-4 in conjunction with a rapid influx of DC precursors into the lung epithelium results in a dynamic change in the IL-12-related species in the lymph node. The evolution in Total p40 and IL12p70 over a 7-day period is shown by the red curve in Fig. 8 and overlaid upon the relative IL-12 bioactivity. The value determined for IL-12 bioactivity corresponds to the relative level of proliferation in PHA-stimulated lymphoblasts treated with 2.7 pM IL12p70. The relative IL-12 bioactivity is an indication of the Th1 polarization potential elicited by mature DC in the draining lymph nodes. The steadystate IL12p70 and Total p40 concentrations in the lymph node are highlighted by the solid circle. The simulation results show that the lymph node environment becomes slightly favorable for the polarization of naive CD4+ T cells into a Th1 phenotype by the increase in relative IL-12 bioactivity.
In the second simulation, I hypothesize that IL-4 and IFN-c both exhibit a similar dynamic profile, as shown in Fig. 7 . In this simulation, the concentrations of IL-4 and IFN-c both reached a maximum of 12.2 U mL 
RS(t) IL−4(t) IFN−γ(t) PGE2(t)
FIGURE 7. A simulated antigen challenge is comprised of a rapid increase in recruitment signal (RS(t), solid curve) and a more gradual change in IL-4 concentration (dotted). IL-4 and RS(t) responses are normalized to their respective maximum values. The differences in dynamics illustrate proteins that are expressed from pre-synthesized granules (e.g., RS(t)) or require de novo synthesis following a provocation (e.g., IL-4). This simulated response provides the input functions for the IL-12 bioactivity response shown in Fig. 8 .
the relative IL-12 bioactivity is shown by the blue curve in Fig. 8 . The combination of both IL-4 and IFN-c significantly increases the polarization towards a Th1 phenotype. As was suggested by Hochrein et al., 17 the impact of IL-4 on DC suggests an indirect promotion of Th1 polarization. In contrast, it is commonly stated that IL-4 promotes the Th2 polarization of naive CD4+ T cells. 45 However, the Th2 polarization potential of IL-4 is primarily based upon the direct action of IL-4 and IFN-c on naive CD4+ T cells. This result highlights the pleotropic nature of IL-4, whereby the geographical restriction in IL-4 expression influences CD4+ T cell polarization.
In the third simulation, I hypothesize that IL-4, IFN-c, and PGE2 all exhibit the same dynamic profile as IL-4. In this final simulation, the concentrations of IL-4 and IFN-c both reached a maximum of 12.2 U mL )1 , while PGE2 reached a maximum of 12.2 nM. The resulting dynamic change in the relative IL-12 bioactivity is shown by the green curve in Fig. 8 . In contrast to the presence of IL-4 or IFN-c alone, the addition of PGE2 inhibits the ability of IL-4 and IFNc to polarize naive CD4+ T cells toward a Th1 phenotype. By reducing the bioactivity of IL-12, this simulation suggests that PGE2 may promote Th2 polarization. By focusing on the impact of PGE2 on DC education, I neglected the potential impact of PGE2 on the DC maturation rate. In vitro, PGE2 has also been shown to modulate characteristics of DC maturation including upregulation of the chemokine receptor CCR7, essential for homing to secondary lymphoid organs. 34 However, the in vivo significance of this effect of PGE2 on maturation has not been demonstrated. Finally, an experimental protocol that combines an aerosol challenge of IL-4, IFN-c, and PGE2, in various combinations, coupled with characterization of recent lung emigrants to the lymph node can validate these computational predictions. Cannulation of draining lymphatics in the lung can also be used to provide a source of these recent DC emigrants from the lung following provocation with biochemical mediators. 38 
Opening the Immune Loop
From an engineering perspective, the integrated immune response to pathogens can be described as an interplay between a series of subsystems. These subsystems include the innate immune cells, DC, T cells, and B cells. The first step in understanding the interplay between subsystems is to identify the structure of a particular subsystem, i.e., the causal relationships that give rise to system behavior. This paper focuses on characterizing the structure of the dendritic cell subsystem within the lung in the context of allergic asthma.
One of the most pervasive problems in the analysis of physiological systems is the identification problem. 28 The identification problem is the process of specifying the causal relationships between system components consistent with a set of input and output measurements. Understanding these causal relationships is essential for the rational design of novel therapeutics. While many approaches exist for the identification of simple single-input-single-output (SISO) systems, approaches for understanding more complex closed-loop systems, like the immune system, are less well developed. Closed-loop systems are particularly challenging as it is impossible to identify the connectivity within or between subsystems based upon overall input (e.g., genetic background or environmental insult) and output (e.g., T helper cell response) measurements. Historically, the causal mechanisms underlying closedloop systems in physiology have been identified via ingenious methods for ''opening the loop.'' A classic example of this is the discovery of insulin and it's role in connecting food intake to substrate metabolism. This landmark discovery led to the stratification of diabetics into insulin deficient (Type 1) and non-insulin deficient (Type 2) classifications.
By opening the loop, a closed-loop system is reduced to a SISO system. Opening the loop in this context refers to the dynamic measurement of internal states of the DC subsystem in vivo including: blood precursor populations, epithelial mediator microenvironment, and characteristics of DC that traffick to the draining lymph node. In addition, in vitro studies are also helpful in identifying more general causal relationships within the dendritic cell subsystem. By integrating these diverse data into a computational framework that explicitly states causal relationships, a new quantitative aid for interpreting in vivo studies has been created. Furthermore, a validated framework provides a basis for reverse engineering the significant pathways that underlie the emergent in vivo response. Examples of such an application include determining the contributions of memory T cells that reside in the lung epithelium vs. the draining lymph node. Alternatively, this validated framework could be used to interpret the impact of effector T cell populations on DC during primary vs. recall responses. In addition, exploration of sensitive pathways within the validated framework can provide insight into patient or species differences. The sequence of cellular events responsible for DC trafficking is common to both CD4+ Th1 and CD4+ Th2 recall responses 18 and reflects the generality of the pathogen surveillance role provided by DC in the lung. While much is known about recall responses, relatively little is known about the exact details of the initial sensitization process in vivo. Experimental studies primarily focus on the recall response to a particular antigenic protein following primary sensitization. Yet, the dynamic behavior in epithelial microenvironment may be vastly different in cases of primary vs. recall responses. During a primary response, the epithelial microenvironment reflects the innate immune response to an antigenic challenge. In contrast, a recall response includes contributions from adaptive immune components in addition to innate immune components. Ultimately, understanding this complex environment via mathematical modeling holds promise for the rational design of novel therapeutic strategies. In particular, this model could be used to optimize the timing and delivery of adjuvants to DC that reverse or dampen pre-existing immune bias. However, a more immediate goal will be to model predictively the dynamic in vivo primary response to simple combinations of stimuli as illustrated in Fig. 8 .
CONCLUSIONS
The immune system is comprised of dynamic nonlinear interactions between multiple cell subsets that are heterogeneous and distributed spatially. To focus on one important cell subset that connects innate to adaptive immunity, I developed a multi-scale mathematical model for dendritic cell education and trafficking comprised of five dimensions: chronological time, maturational age, p35 signal, p40 signal, and spatial location. This model was developed by integrating diverse data into a coherent physiologically structured computational framework. This computational framework explicitly accounts for DC functional heterogeneity. In addition, the computational framework has been validated against appropriate experimental studies.
This new framework provides an aid for understanding the impact of a dynamically changing lung microenvironment on the ability of DC to polarize naive CD4+ into different effector populations by modulating the bioactivity of IL-12. Furthermore, this computational framework provides a scalable platform for further exploration of immune sensitization in the lung. Validated models, like the one presented here, are invaluable for interpreting non-intuitive system behavior and exploring possible hypotheses given the inherent difficulty in studying the human immune system. 59 Ultimately, understanding the dynamics of DC education and trafficking may lead to effective therapies that modulate the immune response in a desired direction. 40 The computational framework developed here is another essential step towards that goal.
APPENDIX: SPECIFICATION OF MODEL EQUATIONS
The following section describes specifically the equations used in this model. The particular model equations for BM, BD, DC 
